ISSN 1175-5326 (print edition) 


Zootwca 4559 (2): 349-362 
https://www.mapress.eom/j/zt/ 

Copyright © 2019 Magnolia Press 



Article ZOOTAXA 

ISSN 1175-5334 (online edition) 


https://doi.Org/10.11646/zootaxa.4559.2.8 

http://zoobank.Org/urn:lsid:zoobank.org:pub:D2E98D5B-7EAD-44DB-903E-357B58198865 


A revised molecular phylogeny reveals polyphyly in Schistura 
(Teleostei: Cypriniformes: Nemacheilidae) 


KATHERINE SGOIJROS 12 , LAWRENCE M. PAGE 3 , SARAH A. ORLOFSKE 14 & ROBERT C. JADIN 1 ' 5 ' 6 

‘Department of Biology, Northeastern Illinois University, Chicago. IL 60625 

2 Present address: Department of Ecology and Evolutionary Biology, Tulane University, New Orleans, LA 70118 
‘Florida Museum of Natural History, Gainesville, FL 32611. Email: lpage@flmnh.ufl.edu 
4 Present address: Department of Biology, University of Wisconsin Stevens Point, Stevens Point, WI54481 
5 Present address: Department of Biology, University of Wisconsin Eau Claire, Eau Claire, WI 54701 
6 Corresponding author. E-mail:rcjadin@gmail.com 


Abstract 

There is a general consensus that the genus Schistura (Nemacheilidae), currently with 241 species, is not monophyletic. 
However, weak morphological synapomorphies and a lack of genetic data for most species of Schistura and their presump¬ 
tive relatives have prevented meaningful diagnoses of species groups within this genus. To aid in deciphering evolutionary 
relationships, sequence data from two mitochondrial genes (cytochrome b and D-loop) were implemented in phylogenetic 
analyses for species of Schistura and other nemacheilids for which data from earlier studies and recently collected material 
were available. This analysis of 67 nemacheilid species, including 28 species of Schistura, provides the most comprehen¬ 
sive phylogeny of Nemacheilidae to date. In the phylogenetic tree for the combined data set, species of Schistura clustered 
in three clades. One clade contained 14 species of Schistura and Sectoria heterognathos and was sister to Homatula. A 
second clade of 11 species of Schistura was in a larger clade with Turcinoemacheilus kosswigi and Nemacheilus corica. 
The third clade contained three species, all from the Mae Khlong basin of Thailand. Taxonomic implications of these re¬ 
sults are discussed; however, a more taxon-rich dataset and nuclear sequence data are needed before making taxonomic 
changes. 
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Introduction 

The family Nemacheilidae, known as the stone loaches, contains 720 species, of which 241 are assigned to the 
genus Schistura (Eschmeyer et al. 2018). Species of Schistura occupy most river drainages in mainland Asia from 
Pakistan to China while one species, S. maculiceps (Roberts 1989), occurs in the Sungai Pinoh (Kapuas River) on 
Borneo. Modern use of Schistura as the genus for this large and highly diverse group of Asian fishes dates back to 
several papers by Banarescu & Nalbant (1966, 1968, 1974), as discussed by Mirza et al. (1981). There is a general 
consensus that the genus is not monophyletic (Kottelat 1990, Banarescu & Nalbant 1995, Tang et al. 2006, Liu et 
al. 2012, Jamshidi et al. 2013), but the availability of limited morphological data and no genetic data for most 
species of Schistura and their presumptive relatives has prevented meaningful diagnoses of species groups as 
genera. 

Genetic analyses to date include only a few species of Schistura in studies designed primarily to examine 
broad relationships among the Cobitoidea (Tang et al. 2006—4 species, Slechtova et al. 2007—5 species, Liu et al. 
2012—3 species), or the relationships within nemacheilid genera other than Schistura (Min et al. 2012—8 species, 
Jamshidi et al. 2013—5 species, Sember et al. 2015—7 species, Deng et al. 2016—13 species, Sayyadzadeh et al. 
2016—13 species, Siva et al. 2017—12 species). Estimates of relationships among species of Schistura and their 
relationships to other nemacheilid genera in all of these studies, as in morphological studies, are constrained by the 
taxa included. 

As a next step in deciphering evolutionary relationships among Schistura, sequence data from two 
mitochondrial genes (cytochrome b and D-loop) were used in phylogenetic analyses to compare species of 
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Schistura and other nemacheilid genera using sequence data from earlier studies and recently collected material. 
This analysis of 67 nemacheilid species, including 28 species of Schistura , provides the most comprehensive 
phylogeny of Nemacheilidae to date. 


Methods and materials 

Molecular data analyzed included that for all species of Schistura available on GenBank with cyt b and D-loop 
sequences for which species identification could be verified with some certainty (Table 2). Species of other 
nemacheilid genera considered closely related to Schistura (Tang et al. 2006, Slechtova el al. 2007) and original 
data on seven other species of Schistura were also included (Table 1). We did not include published data for 
specimens from aquarium dealers (e.g., Sember, et al. 2015) or from specimens for which no locality data were 
provided (e.g., Deng, et al. 2016, Siva et al. 2017). While many of these species were almost certainly correctly 
identified, it seems likely that some were not. Progress toward a more accurate assessment of relationships among 
species assigned to Schistura requires data with as much precision as possible. 

Cyt b often is used in phylogenetic studies on cobitoids to elucidate intrageneric relationships (Tang et al. 
2006, Min et al. 2012, Pandey et al. 2012, Sember et al. 2015, Deng et al. 2016). D-loop is not used as commonly 
but has been used to detect intraspecific variation and identify species complexes in Lefua and other cypriniforms 
(Liu et al. 2002, Sakai et al. 2003). The D-loop region is typically used in population studies because of its 
relatively rapid mutation rate (Liu et al. 2002, Sakai et al. 2003), making it useful for resolving nemacheilid 
lineages that diverged more recently than cyt b analysis can detect alone. 

For the novel sequences, DNA extractions were accomplished using the protocol and equipment provided in a 
DNeasy Blood and Tissue Kit (Qiagen). Primers for the cytochrome b (L14724 and HI5915) and D-loop (DL1 and 
DH2) regions were developed by Pandey et al. (2012) and Liu et al. (2002), respectively. The PCR products were 
sequenced in both forward and reverse directions using the PCR primers on a Beckman Coulter automated 
capillary sequencer. We were unable to obtain D-loop sequences for S. dubia or S. geisleri. Voucher specimens for 
novel sequences are at the Florida Museum of Natural History, University of Florida (UF). Novel sequences 
generated were deposited in GenBank (accession numbers MK301356-MK301366, see Table 1). 

MUSCLE (Edgar 2004) was used to automatically align data from both genes, which were then adjusted by 
eye in Se-Al version 2.0all and compiled in Geneious (Kearse et al. 2012). MrModeltest version 2.2 (Nylander 
2004), run in PAUP* 4.0 (Swofford 2002), was used to perform a priori nucleotide substitution model selection 
based on Akaike information criterion (AIC) (Table 3). Both gene fragments were concatenated and partitioned by 
gene and codon position. The genus Triplophysa was used as the rooted outgroup based on results of Tang et al. 
(2006) and Slechtova et al. (2007). Phylogenetic reconstruction was performed using Bayesian Markov chain 
Monte Carlo (BMCMC) methods. Bayesian analysis was performed using MrBayes version 3.2.3 (Ronquist & 
Huelsenbeck 2003) in two independent runs with three heated and one cold chain in default MCMC settings for a 
total of 5.0 x 10 6 generations per run, with sampling trees and parameters every hundred generations. Tracer 
version 1.5.4 (Rambaut & Drummond 2009) was used to confirm stationarity, and the first 1.5 x 10 5 generations 
from each run were discarded as burn-in. TreeGraph 2 (Stover & Muller 2010) was used to illustrate phylogenies. 


Results 

In the phylogenetic tree for the combined data set, species of Schistura occur in three separate clades (Fig. 1). 
Strong support exists for Clade 1, which is sister to Homatula and contains 14 species of Schistura and Sectoria 
heterognathos. Clade 2 contains 11 species of Schistura in a larger clade containing Nemacheilus corica and 
Turcinoemacheilus kosswigi. Relationships among these three genera are unresolved, and this clade is sister to 
Oxynoemacheilus. Strong support exists for Clade 3 containing three species of Schistura. This clade resides in a 
larger clade containing Paracanthocobitis plus Clade 2 of Schistura and its relatives without strong support for 
how these clades are related to one another. Clades 2 and 3 and their relatives are sister to a clade of Nemacheilus. 
This larger clade is sister to Traccatichthys, and this larger clade is sister to a clade of Oreonectes plus Lefua. This 
large clade is sister to Clade 1 of Schistura and Homatula, all of which then is sister to Barbatula. 

The tree containing only cyt b data (Fig. 2) shows nearly the same overall relationships as the combined data 
tree. Schistura Clade 1, containing Sectoria heterognathos, is sister to Homatula. Clade 2 is monophyletic and in a 
polytomy with Nemacheilus corica and Turcinoemacheilus kosswigi. This group is sister to Oxynoemacheilus, and 
this larger group is sister to a group of three species of Nemacheilus. Clade 3 formed a monophyletic group in a 
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polytomy containing Clade 2 and its relatives and Paracanthocobitis. The tree containing only D-loop data and 
only 11 species of Schistura (Fig. 3) shows the same relationships among the genera represented as the combined 
tree (though typically with stronger nodal support) except with fewer genera included, Schistura Clades 2 and 3 are 
sister taxa. 

TABLE 1. Species for which sequence data were analyzed and their GenBank accession numbers. Names changed from 
those in GenBank in accordance with current nomenclature: Paracanthocobitis mackenziei (GQ478439) was labeled 
Acanthocobitis botia (see Singer & Page 2015); Paracanthocobitis nigrolineata (GQ174374, UF 172979) was labeled 
Acanthocobitis zonalternans (see Singer et al. 2017); Schistura aurantiaca (GQ174371, from UF 173049) was labeled 
Schistura sp. (see Plongsesthee et al. 2011); S. magnifluvis was misidentified as S. bucculenta (JN837654, K1Z 
20080614); S. mahnerti (GQ 174368, UF 173050) was misidentified as .S'. desmotes\S. ohliquofascia was niisidentilled as 
S. rupecula (pers. comm., A. Barat; see Lokeshwor et al. 2012), and S. vinciguerrae was misidentified as S. sikmaiensis 
(JF340405, KIZ 2006010329). Species of Homatula were placed in Paracobitis in earlier studies. 


Species 

Cyt b 

D-loop 

Barbatula barbatula (Linnaeus) 

AJ388467 

DQ105327 

Barbatula nuda (Bleeker) 

DQ105252 

EU670827 

Barbatula sturanyi (Steindachner) 

EF562769 

- 

Barbatula toni (Dybowski) 

EF562772 

EU670828 

Barbatula vardarensis (Karaman) 

EF562765 

- 

Homatula acuticephala (Zhou & He) 

HM010530 

- 

Homatula anguillioides (Zhu & Wang) 

HM010584 

- 

Homatulapotanini (GUnther) 

DQ105203 

NC_025321 

Homatula variegata (Dabry de Thiersant) 

AY625697 

DQ105265 

Lefua costata (Kessler) 

EU670769 

EU670826 

Lefua echigonia Jordan & Richardson 

AB080181 

JQ410382 

Lefua nikkonis (Jordan & Fowler) 

AB100919 

AB177660 

Lefuapleskei (Herzenstein) 

- 

EU150380 

Lefua sp. “Kii-Shikoku 

- 

AB 177676 

Lefua sp. “Tokai 

- 

AB251878 

Nemacheilus corica (Hamilton) 

GQ478442 

- 

Nemacheilus corica (Hamilton) 

GQ174373 

- 

Nemacheilus masyae Smith 

EF508597 

- 

Nemacheilus ornatus Kottelat 

GQ174363 

- 

Nemacheilus pallidus Kottelat 

GQ174370 

- 

Oreonectes platycephalus Gunther 

DQ105197 

DQ105258 

Oxynoemacheilus bureschi (Drensky) 

GQ 199476 

- 

Oxynoemacheilus merga (Krynicki) 

EF562774 

- 

Oxynoemacheiluspindus (Economidis) 

EF562773 

- 

Paracanthocobitis mackenziei (Chaudhuri) 

GQ478439 

- 

Paracanthocobitis nigrolineata Singer, Pfeiffer & Page 

GQ 174374 

- 

Schistura amplizona Kottelat 

JN837656 

- 

Schistura aurantiaca Plongsesthee, Page & Beamish 

GQ174371 

MK301356 

Schistura balteata (Rendahl) 

NC_008679 

- 

Schistura balteata (Rendahl) 

MK301362 

MK301357 

Schistura beavani (Gunther) 

GQ478448 

- 

Schistura callichroma (Zhu & Wang) 

JN837652 

- 

. continued on the next page 
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TABLE 1. (Continued) 



Species 

Cyt b 

D-loop 

Schistura caudofurca (Mai) 

JN837651 

- 

Schistura cryptofasciata Chen, Kong & Yang 

JF340401 

- 

Schistura desmotes (Fowler) 

MK301363 

MK301358 

Schistura disparizona Zhou & Kottelat 

JF340403 

- 

Schistura dubia Kottelat 

MK301364 

MK301359 

Schistura fasciolata (Nichols & Pope) 

Schistura geisleri Kottelat 

DQ105201 

MK301365 

EU697099 

Schistura kloetzliae Kottelat 

DQ105228 

DQ105300 

Schistura latifasciata (Zhu & Wang) 

JN837653 

- 

Schistura longa (Zhu) 

AY625698 

DQ105261 

Schistura macrotaenia (Yang) 

JN837655 

- 

Schistura magnifluvis Kottelat 

JN837654 

- 

Schistura mahnerti Kottelat 

GQ174368 

MK301360 

Schistura montana McClelland 

FJ711438 

- 

Schistura nicholsi (Smith) 

DQ105202 

DQ 105264 

Schistura obliquofascia Lokeshwor, et al. 

HM636831 

- 

Schistura poculi (Smith) 

JF340407 

- 

Schistura polytaenia (Zhu) 

DQ 105227 

DQ 105299 

Schistura robertsi Kottelat 

MK301366 

MK301361 

Schistura shuangjiangensis (Zhu & Wang) 

JF340404 

- 

Schistura spilota (Fowler) 

EF508596 

- 

Schistura tenebrosa Kangrang, Page & Beamish 

JQ659026 

- 

Schistura vinciguerrae (Hora) 

JF340405 

- 

Schistura vinciguerrae (Hora) 

JF340406 

- 

Sectoria heterognathos (Chen) 

DQ105200 

DQ 105262 

Traccatichthys pulcher (Nichols & Pope) 

DQ105198 

AY091511 

Triplophysa anterodorsalis Zhu & Cao 

- 

NC_024597 

Triplophysa bleekeri (Sauvage & Dabry de Thiersant) 

FJ406605 

JQ680990 

Triplophysa orientalis (Herzenstein) 

DQ105251 

DQ105323 

Triplophysa robusta (Kessler) 

- 

NC_025632 

Triplophysa rosa Chen & Yang 

NC_019587 

- 

Triplophysa siluroides (Herzenstein) 

EF212443 

- 

Triplophysa stenura (Herzenstein) 

DQ 105247 

DQ105319 

Triplophysa steward (Hora) 

DQ105248 

DQ 105320 

Triplophysa stolickai (Steindachner) 

DQ 105249 

DQ105321 

Triplophysa xiangxiensis (Yang, Yuan & Liao) 

JN696407 

JN696414 

Turcinoemacheilus kosswigi “Bazoft” Banarescu & Nalbant 

GQ338826 

- 

Turcinoemacheilus kosswigi “Khoram” Banarescu & Nalbant 

GQ338827 

- 

Turcinoemacheilus kosswigi “Marboreh” Banarescu & Nalbant 

GQ338828 

- 
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Triplophysa bleekeri 


T. anterodorsa/is 

— T. sto/iczkai 



T. stenura 
T. stewarti 


T. oriental is 


■ T. siiuroides 
- T. robusta 


■ T. rosa 


■ T. xiangxiensis 


Barbatu/a toni 
B. nuda 

B. barbatuia 
B. sturyani 
B. vardarensis 
Homatuia potanini 
H variegata 
acuticepha/a 
W H. anguiiiioides 
Schistura robertsi 
S. desmotes 
S. dubia 
S. spiiota 
■ S. nicho/si 
S. caiiichroma 
S. caudofurca 
S. macrotaenia 
S. cryptofasciata 
S. magnifluvis 
S. fascioiata 
^ S. ampiizona 
V- S. iatifasciata 
J±S. ionga 

rSectoria heterognathos 

Oreonectes piatycephaius 

X - Lefua echigonia 

^ -L . sp. “Tokai” 

T r- L. sp. “Kii-Shikoku” 

I- L. costata 

tp L. nikkonis 
^ L. p/eskei 


Q) 

a 

<D 


Traccatichthys puicher 

r - Nemachei/us ornatus 

y x~ N. masyae 

^— N. pallid us 

Oxynoemacheiius merga 
■ O. bureschi 
- O. pindus 


- Nemachei/us corica 
- N. corica 


Bayesian support 
1.00 • 
095-0.99 • 


i 


Turcinoemacheiius kosswigi “Khoram” 
T. kosswigi “Bazoft” 

T. kosswigi “Marboreh” 


’ Schistura disparizona 


S. mahnerti 

S. obiiquo fascia 
S. polytaenia 
■ S. shuangjiangensis 
S. beavani 
S. montana 


S. pocuii 
S. vinciguerrae 
S. vinciguerrae 

Paracanthocobitis mackenziei 
- P. nigroiineata 


O 

Q> 

Q. 

0 

ro 


Schistura baiteata 
S. baiteata 
S. aurantiaca 
S. tenebrosa 


Q> 

a 

0 

CO 


FIGURE 1. Bayesian consensus phylogeny depicting genus- and species-level relationships within the family Nemacheilidae. 
This tree was derived from a combined analysis of cytochrome b and D-loop gene fragments (1,116 bp and 776 bp, 
respectively). 
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FIGURE 2. Phylogenetic estimate of relationships within the family Nemacheilidae generated with a 50% majority-rule 
consensus for the cytochrome b gene using MrBayes. 
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S. desmotes 
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J W. sp. “Tokai” 
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L. nikkonis 
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Traccatichthys pulcher 

Schistura kloetzliae 
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S. polytaenia 
S. aurantiaca 
S. baiteata 


FIGURE 3. Phylogenetic estimate of relationships within the family Nemacheilidae generated with a 50% majority-rule 
consensus for the D-loop gene using MrBayes. 
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TABLE 2. Institutional catalog or voucher numbers, localities, and published references for Schistura sequence data 
included in this study. 


Species 

Catalog/voucher 

River basin 

Province 

Country 

Reference 

S. amplizona 

KIZ 2010003103 

Mekong 

Yunnan 

China 

Min et al., 2012 

S. aurantiaca 

UF 173049 

MaeKhlong 

Kanchanaburi 

Thailand 

This study 

S. balteata 

- 

Aquarium 

- 

- 

This study 

S. balteata 

- 

- 

- 

- 

Saitoh et al., 2006 

S. beavani 

- 

Upper Ganges 

- 

India 

Pandey et al., 2012 

S. callichroma 

KIZ 200401056 

Red River 

Yunnan 

China 

Min et al., 2012 

S. caudofurca 

KIZ200401033 

Red River 

Yunnan 

China 

Min et al., 2012 

S. cryptofasciata 

KIZ20050410011 

Salween 

Yunnan 

China 

Min et al., 2012 

S. desmotes 

UF183066 

Chao Phraya 

Chiang Mai 

Thailand 

This study 

S. disparizona 

KIZ 20050411040 

Salween 

Yunnan 

China 

- 

S. dubia 

UF 181122 

Yom 

Phrae 

Thailand 

This study 

S. fasciolata 

1HCAS0000047 

- 

Yunnan 

China 

Tang et al., 2006 

S. geisleri 

UF 181109 

Wang 

Lampang 

Thailand 

This study 

S. kloetzliae 

1HCAS0000016 

- 

Yunnan 

China 

Tang et al., 2006 

S. latifasciata 

KIZ 20050325004 

Mekong 

Yunnan 

China 

Min et al., 2012 

S. longa 

1HCAS0000050 

- 

Yunnan 

China 

Tang et al., 2006 

S. macrotaenia 

KIZ 20100035 

- 

Yunnan 

China 

Min et al., 2012 

S. magnifluvis 

KIZ20080614 

Mekong 

Yunnan 

China 

Min et al., 2012 

S. mahnerti 

UF 173050 

MaeKhlong 

Kanchanaburi 

Thailand 

This study 

S. m on tana 

- 

Khanda 

- 

India 

Pandey et al., 2012 

S. nicholsi 

1HCAS0000047 

- 

- 

- 

Tang et al., 2006 

S. obliquofasciata 

- 

- 

- 

India 

Lokeshwor et al., 2012 

S. poculi 

KIZ 0310 

- 

Yunnan 

China 

- 

S. polytaenia 

- 

- 

Yunnan 

China 

Tang et al., 2006 

S. robertsi 

UF 185741 

Tapi 

Nakon Si Thammarat 

Thailand 

This study 

S. shuangjiangensis 

- 

Mekong 

Yunnan 

China 

- 

S. spilota 

- 

Chao Phraya 

Chiang Mai 

Thailand 

Slechtova et al., 2008 

S. tenebrosa 

UF 181157 

MaeKhlong 

Kanchanaburi 

Thailand 

- 

S. vinciguerrae 

KIZ 2006010329 

Irrawaddy 

Yunnan 

China 

Tang et al., 2006 

S. vinciguerrae 

KIZ 200310725 

Irrawaddy 

- 

- 

Min et al., 2012 

TABLE 3. Results from a priori model selection based on Akaike information criterion (A1C) conducted in MrModeltest 
2.2 (Nylander 2004) for partitions of the dataset. 

Loach phytogeny 


Total characters 


AIC model 


Cyt b I s ' position 


372 


SYM+I+G 


Cyt b 2 nd position 


372 


HKY+I+G 


Cyt b 3 rd position 


372 


GTR+G 


D-loop 


776 


GTR+I+G 


Discussion 






This study is the most comprehensive analysis to date of relationships of species assigned to Schistura. Results 
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strongly support the hypothesis that Schistura as presently conceived does not, as others have suggested (Kottelat 
1990, Banarescu & Nalbant 1995, Tang et al. 2006, Liu et al. 2012, Jamshidi et al. 2013), represent a monophyletic 
group of species. Some species of Schistura cluster more closely to Homatula, a group of 15 species in western 
China (Eschmeyer et al. 2018), than to other species of Schistura. Other species of Schistura cluster more closely 
to Turcinoemacheilus and Oxynoemacheilus, two genera found mainly in western Asia, and to Nemacheilus and 
Paracanthocobitis. 

In the combined dataset (Fig. 1), Clade 1 includes 14 species of Schistura and Sectoria heteroguathos. It 
consists mainly of species of Schistura (Fig. 4A, B) with 7-9 evenly spaced dark bars on the side of the body. 
Sectoria heteroguathos is deeply embedded within this clade and closely related to S. amplizona, S. latifasciata, 
and S. longa. In the original description of Sectoria as a monotypic genus (Kottelat 1990) containing S. atriceps 
(Fig. 5), the genus was distinguished from Schistura and other nemacheilid genera primarily by the presence of 
horny sheaths with sharp edges on the lips and an intestine with numerous loops. Other characteristics mentioned 
are those that vaiy widely among nemacheilids (Kottelat 1990). Horny ridges on the lips and a multi-looped 
intestine are likely apomorphic states that evolved within Clade 1 of Schistura. Although these characteristics are 
sufficient to define a clade of two species (Sectoria heteroguathos Chen, the second species of the genus, was 
described in 1999), recognition of Sectoria as a genus renders species of Schistura in Clade 1 paraphyletic. With 
additional data, it may be that all of the species in Clade 1 are recognized as species of Sectoria, or as Acoura 
Swainson 1839—seemingly the only other available genus-level name for species currently assigned to Schistura 
(Eschmeyer et al. 2018); however, more taxon-rich genetic and morphological investigations are required to 
determine synapomorphies for the clade. 

Several of the species in Clade 2 in the combined dataset (Fig. 1) share a morphological apomorphy shown by 
S. mahnerti (Fig. 4C), the presence of dark bars on the side of the body that are widely spaced posteriorly and 
become narrower and more numerous anteriorly. However, also included in Clade 2 is S. geisleri (Fig. 4D), a 
species that is morphologically strikingly different from these species. Relationships within Clade 2 are mostly 
unresolved, although a close relationship is suggested among S. poculi and S. vinciguerrae. Schistura 
shuangjiangensis, embedded in Clade 2, was treated as a species of Physoschistura by Endruweit et al. (2016). 

Clade 3 of Schistura includes S. aurantiaca, S. balteata , and S. tenebrosa. Samples for all of these species were 
collected in close proximity in the Mae Nam Khwae drainage of the Mae Khlong basin in western Thailand. These 
species may be closely related as indicated, or they may cluster as a result of past hybridization events that resulted 
in shared mitochondrial genotypes that subsequently differentiated only slightly. Mitochondrial introgression is 
common in some groups of fishes, e.g., Catostomidae (Unmack et al. 2014), and interspecific hybridization was 
suggested by Liu et al. (2012) as an explanation for some species relationships in loaches. The mitochondrial data 
suggest that S. aurantiaca (Fig. 4E) and S. tenebrosa are more closely related to one another than either is to S. 
balteata (Fig. 4F). 

Nemacheilus is shown to be paraphyletic in our analysis. This is a relatively large genus with 32 species 
(Eschmeyer et al. 2018) of uncertain relationships. Like Schistura, the synapomorphies diagnosing the genus are 
limited, and more detailed studies of the genus using genetic and morphological data are needed. Only four species 
are included in our analysis, three of which form a strongly supported clade, and the fourth, N. corica, is more 
closely related to Clade 2 of Schistura plus Turcinoemacheilus. Unfortunately, the type species of Nemacheilus, N. 
fasciatus, described from Java, was not included in this study, and it is uncertain which of the two clades of 
Nemacheilus are more likely to represent the genus. However, others have suggested that A. corica, described from 
the Ganges River basin of India, is a morphologically divergent form that perhaps is not a species of Nemacheilus 
(e.g., Bohlen & Slechtova 2013, Lokeshwor & Vishwanath 2014). Pogonemacheilus Fowler, 1937 is available 
(Eschmeyer et al. 2018) for the clade of species containing Nemacheilus masyae, although morphologically that 
clade appears more similar to N. fasciatus than does N. corica. 

At least nine other studies of phylogenetic relationships among cobitoids based on genetic data have included 
three or more species of Schistura. Some provided little to no locality data, and because of uncertain identifications 
in several cases, discussion of the results of these studies are mostly limited to species included in our study. 

Deng et al. (2016) analyzed cyt b sequences for nemacheilids, including 13 species of Schistura. Their results 
were partially similar to ours in that the species of Schistura divided into one clade of eight species, all members of 
our Clade 1, that formed the sister group to Homatula, and another clade of five species that clustered with 
Nemacheilus. Three of the five species in the clade sister to Nemacheilus, S. poculi, S. shuangiangensis, and S. 
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vinciguerrae (identified as S. sikmaiensis), were in our Clade 2, which was part of a large clade containing 
Nemacheilus. However, the other two species, S. desmotes and S. longa, were part of our Clade 1 and clustered 
with Homatula. 

Slechtova et al. (2007) included five species of Schistura in a broad analysis of relationships among families of 
Cobitoidea using RAG1 sequence data. The five species of Schistura formed a monophyletic group that was sister 
to Paracobitis variegatus (now Homatula variegata —Kottelat 2012) and then clustered with Triplophysa. Two of 
the five species, S. spilota and S. nicholsi, were included in our analysis and were members of our Clade 1 and 
sister to Homatula. 

Sember et al. (2015) produced a phylogeny of 19 species of nemacheilids including seven species of Schistura , 
based on cyt b and two nuclear genes ( RAG1 and IRBP). Their results were unusual in that only two of the species 
of Schistura clustered with one another; the other five species each clustered with species in another genus. The 
two species assigned to Schistura in Sember et al. that were included in our analysis were S. fasciolata, a member 
of our Clade 1, and S. corica, treated by us as Nemacheilus corica. Nemacheilus corica clustered with 
Seminemacheilus, a genus not included in our analysis. 

Sayyadzadeh et al. (2016) produced a CO/tree for nemacheilids that included 13 named and identified species 
of Schistura and several undescribed or unidentified species of Schistura. Only four of the species in their study 
overlapped with our study: S. longa, S. poculi, S. vinciguerrae, and S. corica (= Nemacheilus corica). Schistura 
longa, S. poculi, and S. vinciguerrae formed a strongly supported clade with S. prolixifasciata Zheng et al. 2012. 
Samples of N. corica were divided in two clusters, one with Mesonoemacheilus guentheri Day and one with 
Schistura paucireticulata Lokeshwor et al. 2013 (neither of which was in our analysis). Results differed from our 
analysis in that we had S. poculi and S. vinciguerrae in Clade 2 and sister to a clade containing Nemacheilus, but S. 
longa was in Clade 1 that clustered with Homatula. Homatula was not included in the Sayyadzadeh et al. analysis. 
Of particular interest in the Sayyadzadeh et al. study was the inclusion of Acoura savona (Hamilton 1822). Acoura 
has been treated recently as a synonym of Schistura (e.g., Kottelat 1990). In the analysis by Sayyadzadeh et al., A. 
savona was sister to a large clade including several genera of nemacheilids. 

Siva et al. (2017) used the mitogenome of Schistura reticulofasciata (Singh & Banarescu 1982) and 
mitochondrial data (not specified) downloaded from GenBank to generate a phylogeny of nemacheilids that 
included 12 species of Schistura. Schistura kaysonei Vidthayanon & Jaruthanin 2002, not included in our analysis, 
clustered with species of Homatula', the other 11 species formed a clade that was sister to all other nemacheilids in 
the analysis. Seven of the 11 species were included in our study in which S. longa, in Clade 1, clustered with 
Homatula, S. geisleri and S. vinciguerrae (identified as S. sikmaiensis) were members of Clade 2, and S. balteata 
(the basal group in the 11-species clade of Siva et al.) was in Clade 3. Siva et al. found Nemacheilus corica (as S. 
corica) to be a member of the Schistura clade, but basal to all species except S. balteata. 

Tang et al. (2006) studied evolutionary rates in cyt b and the control region (mtDNA) in Cobitoidea and 
included four species of Schistura and Sectoria heterognathos. All of these species were included in our analysis 
(Tang et al. used the name S. thai, now considered a synonym of S. nicholsi). Results were similar to ours in that S. 
kloetzliae, in our Clade 2, clustered with three species of Nemacheilus, and Sectoria heterognathos clustered with 
the other three species of Schistura, all of which were in our Clade 1. This latter group was sister to two species of 
Paracobitis, both now in Homatula (Kottelat 2012). 

Similarly, Jamshidi et al. (2013), mostly using data from Tang et al. (2006) in an analysis of cyt b data in a 
study directed at relationships of Turcinoemacheilus, included six species of Schistura (with Nemacheilus corica as 
S. corica) and Sectoria heterognathos. Schistura beavani (not in Tang et al.) and S. kloetzliae, in our Clade 2, 
clustered with three species of Nemacheilus. Schistura fasciolata, S. nicholsi (as S. thai), S. spilota, and Sectoria 
heterognathos, all in our Clade 1, clustered with Paracobitis (=Homatula). 

Liu et al. (2012) included three species of Schistura in a study of phylogenetic relationships of the Cobitoidea 
based on two mitochondrial and four nuclear genes. Two of the three species were included in our analysis. 
Schistura fasciolata in our Clade 1 paired with a species of Paracobitis (=Homatula), and S. balteata in our Clade 
3 was sister to a clade including the other two species of Schistura and several genera of nemacheilids. 

Min et al. (2012) included eight species of Schistura and Triplophysa stenura as outgroup taxa in a 
phylogenetic analysis of the genus Homatula using cyt b and RAG1 sequence data. All eight species of Schistura 
were in our Clade 1 and formed a clade that clustered with Homatula. 
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FIGURE 4. Species of Schistura included in the phylogenetic analysis; all are from Thailand. Clade 1: (A) S. desmotes, UF 
188065, 38.9 mm SL, Ping River, Chiang Mai Province; (B) S. robertsi, UF 185741, 50.8 mm SL, Tapee River, Nakhon Si 
Thammarat Province. Clade 2: (C) S. mahnerti, UF 188061, 71.9 mm SL, stream, Mae Khlong basin, Kanchanaburi Province; 
(D) S. geisleri, UF 191830, 28.0 mm SL, Wae Creek, Yan River basin, Surat Thani Province. Clade 3: (E) S. aurcintiaca, UF 
188063, 39.9 mm SL, Pracham Mai River, Kanchanaburi Province; (F) S. balteata, UF 191473, 52.0 mm SL, Pilok River, 
Kanchanaburi Province. Photographs by Zachary Randall and Jarred Randall. 



FIGURE 5. Sectoria atriceps, UF 191745, 24.2 mm SL, Yang River, Nan Province, Thailand. Photograph by Zachary Randall 
and Jarred Randall. 


Our study and this combination of studies, even with obvious shortcomings—including some uncertain 
identifications and the use of different taxa and genetic loci, identify taxonomic hypotheses that require further 
investigation. These include: 

(1) Species of Schistura as currently recognized (Eschmeyer et al. 2018) are members of at least two large and 
apparently only distantly related groups within Nemacheilidae. One group (Clade 1 in our analysis) is more 
closely related to Homatula. The other group (Clade 2 in our analysis) appears to be relatively close to 
Nemacheilus, Oxynoemacheilus, Paracanthocobitis, and Turcinoemacheilus. Additionally, there may be 
another group (Clade 3) that appears closely related but not monophyletic with Schistura taxa from Clade 2. 
Although some studies discussed here have shown Schistura as monophyletic, they contained few species or 
too few genera to rigorously test the monophyly. 


MOLECULAR PHYLOGENY REVEALS PARAPHYLY OF SCHISTURA 


Zootaxa 4559(2) © 2019 Magnolia Press ■ 359 







(2) Sectoria, represented by S. heterognathos in several studies, is a member of the clade containing species of 
Schistura related to Homatula. Sectoria is not a valid genus unless it is the name of a much larger group of 
species than currently recognized (represented by species in our Clade 1). 

(3) Acoura, currently considered a synonym of Schistura, was distantly related to all species of Schistura and 
sister to a clade including several genera of nemacheilids in the analysis by Sayyadzadeh et al. (2016), 
suggesting that Acoura is a valid genus. 

All of these hypotheses require further investigation with more genetic loci and more taxa, including 
representatives of more genera of nemacheilids, as well as more species of Schistura and data from the type species 
of Acoura, Schistura, and Sectoria. Future investigations must be based on data from specimens that have precise 
locality data and are deposited in institutional collections so that identifications can be verified. This is complicated 
by the fact that collecting specimens in many areas is difficult because of legal and cultural impediments. Some of 
these difficulties can be overcome by forming collaborations with colleagues from areas of particular geographic 
interest. 


Acknowledgements 

We thank Richard Mayden at Saint Louis University for discussing this work and all things loaches with KS. 
Funding for molecular data collection was supported through a Student Center for Science Engagement research 
award to RCJ and SAO along with faculty start up for SAO. We gratefully acknowledge permission from the 
government of Thailand to collect specimens, and thank William Beamish. Rungthip Plongsesthee, Punnatut 
Kangrang, Sampan Tongnunui, Apinun Suvarnaraksha, Weerapongse Tangjitjaroen, David Boyd, John Pfeiffer, 
Randal Singer, and Zachary Randall for assistance in the field. Fieldwork was supported by the U.S. National 
Science Foundation (NSF) through the All Cypriniformes Species Inventory (DEB 1022720). Institutional 
specimen data were searched via GenBank and iDigBio.org, funded by NSF (EF 1115210 and DBI 1547229). This 
work fulfilled a partial requirement for a Master’s Degree in Biology to KS at NEIU. 


References 

Banarescu, P. & Nalbant, T.T. (1966) Cobitidae (Pisces) from Afghanistan and Iran. Videnskabelige Meddelelser Dansk 
Naturhistorisk Forening, 129, 149-186. 

Banarescu, P. & Nalbant, T.T. (1968) Cobitidae (Pisces, Cypriniformes) collected by the German India Expedition. 

Mitteilungen aus dem Hamburgischen Zoologischen Museum undInstitut, 65, 327—351. 

Banarescu, P. & Nalbant, T.T. (1974) The species of Schistura (=Homatula) from the upper Yangtze drainage (Pisces, 
Cobitidae). Revue Roumaine de Biologie, 19, 95-99. 

Banarescu, P. & Nalbant, T.T. (1995) A generical classification of Nemacheilinae with description of two new genera 
(Teleostei: Cypriniformes: Cobitidae). Travaux du Museum National d'Histoire Naturelle "Grigore Antipa", 35, 429-496. 
Bohlen, J. & Slechtova, V. (2013) Schistura puncticeps, a new species of loach from Myanmar (Cypriniformes: 

Nemacheilidae). Ichthyological Exploration of Freshwaters, 24, 85-92. 

Deng, H., Wen, H., Xiao, N. & Zhou, J. (2016) A new blind species of the cave genus Oreonectes from Guizhou, China 
(Nemacheilinae). ZooKeys, 637, 47-59. 
https://doi.org/10.3897/zookeys.637.10202 

Edgar, R.C. (2004) MUSCLE: multiple sequence alignment with high accuracy and high throughput. Nucleic Acids Research, 
32, 1792-1797. 

https://doi.org/10.1093/nar/gkh340 

Endruweit, M., Yang, J.X. & Liu, S.W. (2016) A new river loach from the main channel of the upper Mekong in Yunnan 
(Cypriniformes: Nemacheilidae). Zootaxa, 4168 (3), 594-600. 
https://doi.org/10.11646/zootaxa.4168.3T3 

Eschmeyer, W.N., Fricke, R. & van der Laan, R. (2018) Catalog of Fishes: Classification: http://www.calacademy.org/ 
scientists/catalog-of-fishes-classification/. Electronic version (accessed 17 May 2018) 

Jamshidi, S., Abdoli, A., Sherafatian, M. & Golzarianpour. K. (2013) Analysis of mitochondrial DNA sequences of 
Turcinoemacheilus genus (Nemacheilidae; Cypriniformes) in Iran. Iranian Journal of Fisheries Sciences, 12, 592-604. 
Kearse, M., Moir, R., Wilson, A., Stones-Havas, S., Cheung, M., Sturrock, S., Buxton, S., Cooper, A., Markowitz, S., Duran, 
C., Thierer, T„ Ashton, B., Mentjies, P. & Drummond, A. (2012) Geneious Basic: an integrated and extendable desktop 


360 ■ Zootaxa 4559 (2) © 2019 Magnolia Press 


SGOUROS ET AL. 



software platform for the organization and analysis of sequence data. Bioinformatics, 28, 1647-1649. 
https://doi.org/10.1093/bioinformatics/bts 199 

Kottelat, M. (1990) Indochinese nemacheilines: a revision of nemacheiline loaches (Pisces: Cypriniformes) of Thailand, 
Burma, Laos, Cambodia, and southern Viet Nam. Pfeil. Miinchen. 262 pp. 

Kottelat, M. (2012) Conspectus cobitidum: an inventory of the loaches of the world (Teleostei: Cypriniformes). Raffles Bulletin 
of Zoology, Supplement, 26, 1-199. 

Liu, H., Tzeng, C.S. & Teng, H.Y. (2002) Sequence variations in the mitochondrial DNA control region and their implications 
for the phylogeny of the Cypriniformes. Canadian Journal of Zoology, 80, 569-581. 
https://doi.Org/10.1016/j.gene.2012.07.040 

Liu, S., Mayden, R.L., Zhang, J., Yu, D., Tang, Q., Deng, X. & Liu, H. (2012) Phylogenetic relationships of the Cobitoidea 
(Teleostei: Cypriniformes) inferred from mitochondrial and nuclear genes with analyses of gene evolution. Gene, 508, 60- 
72. https://doi.Org/10.1016/j.gene.2012.07.040 

Lokeshwor, Y., Barat, A., Sati, J., Darshan, A., Vishwanath, W. & Mahanta, P.C. (2012) Schistura obliquofascia, a new loach 
from Uttarakhand, India (Cypriniformes: Nemacheilidae). Zootaxa, 3586, 255-263. 

Min, R., Chen, X., Yang, J., Winterbottom, R. & Mayden, R.L. (2012) Phylogenetic relationships of the genus Homatula 
(Cypriniformes: Nemacheilidae), with special reference to the biogeographic history around the Yunnan-Guizhou Plateau. 
Zootaxa, 3856, 78-94. 

Mirza, M.R., Nalbant, T.T. & Banarescu, P.M. (1981) A review of the genus Schistura in Pakistan with description of new 
species and subspecies (Pisces, Cobitidae, Noemacheilinae). Bijdragen tot de Dierkunde, 51, 105-130. 

Nylander, J.A. (2004) MrModeltest v2.2. Program distributed by the author. Evolutionary Biology Centre, Uppsala University, 
Uppsala, Sweden. 

Pandey, A., Lakra, W.S., Thapliyal, R.P., Goswami, M., Singh, M. & Malakar, A.K. (2012) Morphological taxonomy and 
molecular divergence of four balitorid species (subfamily: Nemachelinae) from Central Himalaya, India. Mitochondrial 
DNA, 23, 239-249. 

https://doi.org/10.3109/19401736.2012.674117 

Plongsesthee, R., Page, L.M. & Beamish, W. (2011) Schistura aurantiaca, a new species from the Mae Khlong basin, Thailand 
(Teleostei: Nemacheilidae). Ichthyological Exploration of Freshwaters, 22, 169-178. 

Rambaut, A. & Drummond, A.J. (2009) Tracer vl.5. Available from: http://tree.bio.ed.ac.uk/software/tracer/ (Accessed 19 Feb. 
2019) 

Ronquist, F. & Huelsenbeck, J.P. (2003) MrBayes 3: Bayesian phylogenetic inference under mixed models. Bioinformatics, 19, 
1572-1574. 

https ://doi. org/10.1093/bioinformatics/btg 180 

Saitoh, K., Sado, T., Mayden, R.L., Hanzawa, N., Nakamura, K., Nishida, M., & Miya, M. (2006) Mitogenomic evolution and 
interrelationships of the Cypriniformes (Actinopterygii: Ostariophysi): the first evidence toward resolution of the higher- 
level relationships of the world’s largest freshwater fish clade based on 59 whole mitogenome sequences. Journal of 
Molecular Evolution, 63, 826-841. 
https://doi.org/10.1007/s00239-005-0293-y 

Sakai, T., Mihara, M., Shitara, H., Yonekawa, H., Hosoya, K. & Miyazaki, J. (2003) Phylogenetic relationships and 
intraspecific variations of loaches of the genus Lefua (Balitoridae, Cypriniformes). Zoological Science, 20, 501-514. 
https ://doi. org/10.2108/zsj .20.501 

Sayyadzadeh, G., Eagderi, S. & Esmaeili, H.R. (2016) A new loach of the genus Oxynoemacheilus from the Tigris River 
drainage and its phylogenetic relationships among the nemacheilid fishes (Teleostei: Nemacheilidae) in the Middle East 
based on mtDNA COI sequences. Iranian Journal of Ichthyology 3, 4, 236-250. 

Sember, A., Bohlen, J., Slechtova, V., Altmonov, M., Symonov, R. & Rab, P. (2015) Karyotype differentiation in 19 species of 
river loach fishes (Nemacheilidae, Teleostei): extensive variability associated with rDNA and heterochromatin distribution 
and its phylogenetic and ecological interpretation. BMC Evolutionary Biology, 15, 251, 1—22. 
https://doi.org/10.1186/sl2862-015-0532-9 

Singer, R.A. & Page, L.M. (2015) Revision of the zipper loaches, Acanthocobitis and Paracanthocobitis (Teleostei: 
Nemacheilidae), with descriptions of five new species. Copeia, 2015, 378-401. 
https://doi.org/10.1643/CI-13-128 

Singer, R.A., Pfeiffer, J.M. & Page, L.M. (2017) A revision of the Paracanthocobitis zonalternans (Cypriniformes: 
Nemacheilidae) species complex with descriptions of three new species. Zootaxa, 4324, 085-107. 

Siva, C., Kumar, R., Sharma, L., Laskar, M.A., Sumer, S., Barat, A. & Sahoo, P.K. (2017) The complete mitochondrial genome 
of a stream loach ( Schistura reticulofasciatd) and its phylogeny. Conservation Genetics Resources. (2017) 
https://doi.org/10.1007/sl2686-017-0941-8 

Slechtova, V., Bohlen, J. & Tan, H.H. (2007) Families of Cobitoidea (Teleostei; Cypriniformes) as revealed from nuclear 
genetic data and the position of the mysterious genera Barbucca, Psilorhynchus, Serpenticobitis and Vaillantella. 
Molecular Phylogenetics and Evolution, 44, 1358-1365. 
https ://doi. org/10.1016/j .ympev.2007.02.019 

Stover, B.C. & Muller, K.F. (2010) TreeGraph 2: combining and visualizing evidence from different phylogenetic analyses. 
BMC Bioinformatics, 11,7. 


MOLECULAR PHYLOGENY REVEALS PARAPHYLY OF SCHISTURA 


Zootaxa 4559 (2) © 2019 Magnolia Press ■ 361 



https://doi.org/10.1186/1471-2105-ll-7 

Sun, Q., Wang, D., Wei, Q. & Wu, J. (2016) The complete mitochrondrial genome of Triplophysa robusta (Teleostei, 
Cypriniformes: Cobitidae). Mitochondrial DNA Part A, 27, 3, 1744-1745. 
https://doi.org/10.3109/19401736.2014.961150 

Swofford, D.L. (2002) PA UP*: Phylogenetic analysis using parsimony (*and other methods), Version 4. Sinauer Associates, 
Sunderland, Massachusetts. 

Tang, Q., Liu, H., Mayden, R. & Xiong, B. (2006) Comparison of evolutionary rates in the mitochondrial DNA cytochrome b 
gene and control region and their implications for phylogeny of the Cobitoidea (Teleostei: Cypriniformes). Molecular 
Phylogenetics and Evolution, 39, 347-357. 
https://doi.Org/10.1016/j.ympev.2005.08.007 

Unmack, P.J., Dowling, T.E., Laitinen, N.J., Secor, C.L., Mayden, R.L., Shiozawa, D.K. & Smith, G.R. (2014) Influence of 
introgression and geological processes on phylogenetic relationships of western North American mountain suckers 
(Pantosteus , Catostomidae). PLoS ONE, 9 (3), e90061. 
https ://doi. org/10.13 71 /j ournal .pone .0090061 


362 ■ Zootaxa 4559 (2) © 2019 Magnolia Press 


SGOUROS ETAL. 



